Introduction
Metamorphosis has fascinated scientists and artists since Aristotle and Ovid. Perhaps the first experimental study of the endogenous control of metamorphosis was carried out by Gudernatsch, an American academic visitor in Prague in the early twentieth century. He was interested in the most classic example of vertebrate metamorphosis: the transformation of a tadpole to a frog. By feeding tadpoles with small pieces of various organs taken from a horse, Gudernatsch [1] found that the thyroid gland contains a substance that triggered the change from tadpole to frog. This was the first hint that metamorphosis is controlled by a hormonal signal.
Metamorphosis is classically defined as a spectacular and usually abrupt post-embryonic transformation of a larva into a juvenile [2, 3] . It is a very widespread life history transition: indeed, most animals undergo metamorphosis (Figure 1 ). Amphibians and insects provide the most spectacular and best-known examples, but the two types of metamorphosis are very different. In holometabolous insects, such as flies and butterflies, there is an immobile, non-feeding stage (the nymph), whereas in amphibians the organism remains active during metamorphosis, avoiding predators and catching food [1] . Other animal phyla, such as echinoderms, molluscs, annelids and even cnidarians, also undergo metamorphosis, although the trigger and molecular processes controlling these metamorphoses are still largely unknown [4] .
Even in vertebrates, metamorphosis is frequent [5] : in addition to amphibians, most teleost fish, representing half of all vertebrate species, undergo metamorphosis ( Figure 1 ). This post-embryonic transition also occurs in basal vertebrates, such as lampreys. In the various classes of vertebrates, these metamorphoses are morphologically very diverse; however, there are some common principles in all these transformations [2] .
First, metamorphosis is always an ecological transformation: the larvae and the adult do not live in the same environments, or at least do not share the same resources. For example, the tadpole is aquatic and most often herbivorous, whereas the frog is a terrestrial carnivore. In the ocean, most of the fish larvae are planktonic, but as adults they are either benthic or, if still pelagic, able to swim in an active manner. This is the case of the coral fish, where recruitment of the larvae to the reef, so important for marine conservation biology, occurs in parallel to their metamorphosis [6] .
Second, metamorphosis is an extensive transformation of the animal, sometimes a radical change in the body plan organization [3] . There are many examples of animals that were historically considered as being part of different species and for which a larva-to-juvenile transformation was later demonstrated [7] . There is a continuum from species displaying a radical body plan reorganization, such as tunicates, to those that undergo more minor changes, such as salamanders. This transformation is never just a morphological change: it always includes physiological, biochemical and histological remodelling that affects several tissues at different levels [3, 8] .
Third, metamorphosis is triggered in close connection to the environment: in most species, environmental cues play an important role in pushing the larvae to transform to an adult [9] . Both in insects and in amphibians, hormonal systems play a very important role in these processes, and in both cases nuclear hormone receptors and neuroendocrine signalling are used to translate environmental cues into a coordinated program that remodels the organism [2] . Importantly, metamorphosis should not be confused with puberty, another important life-history event controlled by hormones, when reproductive competence is acquired through the maturation of sexual organs.
In this review, I shall focus on vertebrate metamorphosis. After describing the molecular cascade that orchestrates metamorphosis in the main amphibian model system, Xenopus laevis, I shall explore variations on this central theme: the wide diversity of life histories that can be produced by altering this molecular cascade. Finally, I shall present a model that unites all metamorphosis in vertebrates, after a brief discussion of the origins of metamorphosis inferred from results obtained in invertebrate chordates.
The Molecular Cascade Controlling Metamorphosis in Xenopus laevis
The metamorphosis of a Xenopus tadpole to a juvenile frog is a spectacular but well-ordered event that occurs in a constant pattern (reviewed in [2, 8, [10] [11] [12] ). Three categories of changes occur in the tadpole organs: first, death and resorption of larval tissues that were only useful for the tadpole, such as the tail; second, de novo growth and differentiation of tissues that will be crucial for the adult, such as the limbs; and third, remodelling of many tissues that have to be modified to acquire new functions (see [11] for a review). For example, the intestine is transformed from a long, coiled tube to a complex differentiated organ that shortens about 75% in length while concurrently differentiating into a stomach and small intestine [13] . Many other organsfor example, the skin used for respiration, the muscles, the brain -are also remodelled [14] . In anurans, as shown by Gudernatsch, the main triggers of metamorphosis are the thyroid hormones, iodinated derivatives of the amino acid tyrosine, produced by the thyroid gland (see [15] for an historical account). The thyroid gland produces mainly the precursor hormone T4 (thyroxine), and this molecule is transformed by enzymes known as deiodinases into the more active derivative T3 (triiodothyronine) in peripheral organs [16, 17] . There are other, related endogenous compounds with lesser importance, and I will use the term thyroid hormones to collectively refer to the iodinated small molecules directly or indirectly produced by the thyroid gland (see [5] for a more detailed discussion). Exogenous thyroid hormones prematurely induce metamorphosis and inhibition of endogenous thyroid hormone productioneither by thyroid gland surgery or by using pharmacological compounds known as goitrogens that block thyroid hormones synthesis -blocks metamorphosis, leading to the growth of giant tadpoles [18] . Consistent with these effects, there is a peak of thyroid hormone production at the beginning of metamorphosis and this increase is the key physiological trigger of metamorphosis [19] . Thyroid hormone levels reach a maximum during the climax, when the major morphological changes, such as tail regression, occur.
Thyroid hormones activate a downstream signalling pathway through specific binding to high-affinity thyroid hormone receptors, ligand-dependent transcription factors which are members of the nuclear receptor superfamily [20, 21] . In the absence of ligand, receptor molecules are bound to specific DNA sites, known as response elements, in the regulatory regions of target genes where they act to inhibit transcription. Ligand binding activates the receptor so that it induces transcription of target genes, leading to the morphological changes of metamorphosis (for a review, see [8, 12] ). In anurans, as in most vertebrates (including humans), there are two thyroid hormone receptor types, TRa (NR1A1) and TRb (NR1A2), encoded by two distinct genes [20] (Figure 2 ). TRa and TRb both form heterodimers with another nuclear receptor, retinoid X receptor (RXR) and the TR-RXR heterodimer (Figure 3 ) is the molecular device that controls the downstream cascade of gene activation.
TRa and TRb each have a specific role in the process of amphibian metamorphosis. TRa is instrumental in blocking the metamorphosis program before thyroid hormones levels increase [22] . Indeed, TRa is expressed very early, when the hormone is not present in pre-metamorphic tadpoles ( Figure 4A ). It is bound in the promoter of target genes in association with RXR and actively represses transcription by recruiting specific corepressors, such as nuclear hormone co-repressor (NCoR) [22] . If a mutant TRa that is unable to interact with NCoR is engineered and introduced in transgenic tadpoles, several abnormalities occur, suggesting that the repressor function of TRa is important in vivo in order to avoid precocious metamorphosis [23] .
Expression of TRb is controlled by thyroid hormones and thus rises when thyroid hormone levels increase: it is thus autoregulated through a positive loop that ensures coordination between the surge in thyroid hormones and the sensitivity of target tissues [24, 25] . The TRb autoregulatory peak at the onset of metamorphosis is therefore the most obvious molecular landmark associated with the climax of metamorphosis in anurans [24, 26] . In the early phase of metamorphosis, when levels of thyroid hormones start to rise, TRa is present at high levels and is thus implicated in the onset of TRb expression, but in subsequent steps, the autoregulation of TRb is the most salient feature observed [18, 27] ( Figure 4A ). Several studies have focussed on the identification of the gene regulatory network controlled by thyroid hormones and the TRb-RXR heterodimer during Xenopus metamorphosis [28] [29] [30] [31] . It has been shown that TRb-RXR directly controls a small number of early response genes which, in turn, regulate a large number of secondary genes in different organs with variable kinetics (reviewed in [10] ). A fascinating characteristic of this process is that neighbouring cells within the same organs (for example, epithelial versus mesenchymal cells in the intestine) can react differently (for example, undergo proliferation or apoptosis) to the very same hormone [31] (reviewed in [11] ). The basis of this tissue-specific response is not yet fully understood. Several mechanisms probably operate in concert, including differential expression of receptor heterodimers, local regulation of the thyroid hormone level by deiodinases that either activate T4 into T3 or transform T3 into inactive metabolites, and the differential epigenetic states of target gene promoters in different cell types [12, 16, 17] .
Linking the cell biology of tissue remodelling with the molecular cascade controlled by thyroid hormone receptors is still not easy, but some specific examples provide a glimpse into this issue. For example, it has been recently shown that keratin-related genes expressed in tadpole tail during the climax mediate tail regression [32] . Similarly, the blocking of thyroid hormone signalling by the expression of a dominant-negative version of TRa in various intestinal cell types (epithelium, fibroblasts and muscle) revealed that gut remodelling involves both cell autonomous processes and cell-cell interactions [13] .
In tadpoles, thyroid hormone levels are controlled by the hypothalamo-pituitary-thyroid axis, as in humans but with some differences (reviewed in [9] ). It is the hypothalamic factor implicated in environmental stress, corticotropin releasing factor (CRF), and not the thyrotropin-releasing hormone (TRH) that controls the level of thyroid hormones [33, 34] (Figure 3) . Classic experiments have shown that factors influencing stress, such as tadpole density, pond water levels or presence of predators, have a significant effect on the timing of metamorphosis [35] . These factors increase the level of CRF, which controls the pituitary level of thyrotropin (TSH) that, in turn, controls the level of thyroid hormones produced by the thyroid gland. CRF also controls the level of adrenocorticotrophic hormone (ACTH) in the pituitary, and this controls the production of corticoids by the adrenal gland [9, 35] . The coupling between stress and thyroid axis tightly links the molecular cascade to the animal's environment, in the broadest sense, and offers possibilities for developmental plasticity [9] .
In Xenopus laevis, therefore, the hormonal and molecular mechanisms controlling metamorphosis are relatively well understood, even if key issues remain to be solved, such as the mechanisms underlying tissue-specific responses to the thyroid hormone surge, or the respective roles of TRa and TRb in controlling the thyroid hormone-regulated gene network. Similarly, the molecular nature of the competence of tissues to respond to thyroid hormones, and the factors that contribute to the differential timing of gene regulation by the hormone, are also poorly understood. Finally, it will important to clarify the respective roles of cell autonomous processes and cell-cell communication in the tissue and organ response to thyroid hormones.
What we know from work on Xenopus laevis can, however, help us to understand metamorphosis in other vertebrate species. This can be illustrated with two other animal groups: the second largest group of amphibians, Urodeles, and the teleost fish, for which several types of metamorphosis have been characterized. Although very few molecular data are available for Urodeles, there is no doubt that the main trigger of their metamorphosis is a surge of thyroid hormones, as in anurans. However, the autoregulation of TRb, the landmark event in the onset of metamorphosis in Xenopus and other anurans, has not been observed in Urodeles [36] . It is possible that this event is restricted to anurans, where the specific pattern may be linked to the truly spectacular metamorphosis that they undergo.
Teleost fish are the other vertebrate clade for which we now have a good understanding of the cascade controlling metamorphosis. Metamorphosis is a crucial period in the ecology of most marine fish. In these species, the eggs are most often laid in the water column, the larvae hatch and grow as planktonic organisms, and metamorphosis coincides with the final recruitment of the juvenile to its adult ecological niche, be it benthic or pelagic [37] . This is well illustrated by coral fish, for which metamorphosis coincides with the recruitment of larvae to the reef [38] . As this is a key event controlling the population density of these often endangered species, it will be important to enrich the ecological study of larval recruitment with molecular knowledge derived from work on model species [39] . A variety of From top to bottom: During Xenopus metamorphosis, the environment controls the production of CRF, which binds to specific receptors in the anterior pituitary and triggers the production of both TSH and ACTH. TSH acts on the thyroid gland to produce thyroid hormones, mainly T4 (80%) but also T3. ACTH controls the production of corticoids. All these hormones are transported in the blood via binding proteins and enter in the target cells via transporters. In the target cells thyroid hormones can be metabolized by deiodinases. Outer ring deiodinases (mainly deiodinase 2, D2) transform T4 into T3, which is responsible for the formation of the active hormone. In contrast, inner ring deiodinases (mainly D3) transform T4 and T3 into reverse T3 and T2, respectively, both being inactive compounds. In the nucleus, T3 binds to its receptor to form a heterodimer with RXR and activates specific target genes that contain thyroid hormone response elements (TREs) in their regulatory regions. factors, such the hypothalamo-pituitary-thyroid axis, food availability, stress, and so on, are probably important in the decision to start metamorphosis and to settle in a reef, and the way these factors act and interact have to be analysed. Among this extremely large group -there are w25 000 species of teleost fishes -the flatfish (pleuronectiformes) provide the best example of a truly spectacular metamorphosis. A flatfish larva hatches as a bilaterally symmetric planktonic fish with an eye on each side of its body and, most often, elongated rays on the anterior part of the dorsal fin [40] (Figure 4 ). During metamorphosis, the elongated dorsal fin is drastically shortened, the right eye moves to the left side of the body, there is extensive craniofacial remodelling, and there are behavioural and pigmentation changes, as well as biochemical and physiological changes [41] . In all species of flatfishes that have been studied, exogenous administration of thyroid hormones induces premature metamorphosis, producing miniatures of naturally metamorphosed benthic juveniles, whereas a treatment with goitrogens (compounds that block thyroid hormone synthesis) arrests metamorphosis [41, 42] . These effects are consistent with the observed surge of thyroid hormone production during the climax of metamorphosis and activation of TSH expression in the pituitary [40] (Figure 4) .
At first glance the situation in flatfishes is thus reminiscent of what is observed in Xenopus; at the receptor level, however, the situation is different. First, as a result of the whole genome duplication that occurred in the evolutionary lineage of teleost fish, most species have three thyroid hormone receptor types: TRa-A, TRa-B and TRb [43] . Second, in addition to the extra gene, multiple isoforms are generated by alternative RNA splicing. The functional roles of these isoforms are still largely unknown [43, 44] . Finally, even if all studies have shown an increase of thyroid hormone receptor expression during the metamorphic climax in flatfishes, the identity of the main actor seems to be species-specific. In some species increased expression of one of the two TRa genes during metamorphosis has been observed, whereas in other cases a surge of TRb has been reported [42, [44] [45] [46] .
A role for thyroid hormones and their receptors in controlling metamorphosis has been shown in a wide diversity of other species, representing all the main lineages of teleost fish, such as the conger eel (Conger myriaster), the grouper (Epinephelus coioides), the sea bream (Sparus aurata) and the gobioid Sicyopterus lagocephalus, to mention just a few [40] . To date, metamorphosis has been mainly studied in marine fish, probably because it is more easily observed in these species, which often have planktonic larva and benthic juveniles (reviewed in [40] ). Metamorphosis also occurs in freshwater species, however, where it is often less spectacular. Ironically, the only freshwater fish species for which we currently have information on the functional role of thyroid hormone receptors during development is the zebrafish (Danio rerio), which undergoes a quite unspectacular metamorphosis. In zebrafish, differentiation of the pectoral fin occurs together with resorption of the epithelial fold that covers the entire tail in the larvae [47, 48] (Figure 1B) . The role of thyroid hormones in promoting this process has been established [47, 49] , but as the process occurs quite late during development no data are available on the relative roles of TRa-A, TRa-B and/or TRb.
Work on metamorphosis in model systems has clearly established the role of thyroid hormones and their receptors in controlling this life history transition. The data also show how the whole cascade is connected to environmental triggers. We can now consider the variations on this theme and how the metamorphosis cascade evolved. events. A vertebrate typically has three distinct life cycle events, namely hatching (or birth), metamorphosis and puberty, which normally occur in this order, and any change in the relative timing of these events is considered to be an example of heterochrony. This concept has proved very useful and has given rise to a complex set of terms describing the heterochronic phenotype (such as peramorphosis and paedomorphosis), and the potential underlying processes (progenesis, paedogenesis, neoteny and so on) that can give rise to a heterochrony [50] (see Box 1 for definitions of some of these terms).
Paedomorphosis, common in amphibians, is where adults of a species retain characters found in the larvae of their ancestors. This can occur when development is slowed, giving rise to a sexually mature juvenile -neoteny. The two terms paedomorphosis and neoteny are often used interchangably, but the former is generally more accurate, as in most cases we do not have a clear idea of the underlying process or whether the retention of larval characters in the reproducing adult really is due to a decrease in the speed of development [51] . Such variations in life history strategies are common in amphibians and provide textbook cases of these heterochronic changes [52] .
A first example is provided by direct development that has evolved independently in at least 10 families of frogs. The small tree frog Eleutherodactylus coqui, which lives in Puerto Rico, lays enormous eggs (3.5 mm or 20 times the volume of Xenopus laevis eggs!) full of yolk and the juvenile develops directly from the egg without a feeding larval stage: a small froglet hatches from the egg 3 weeks post-fertilization [53] . Early studies have suggested that such a case of direct development resulted from the complete emancipation of the ontogeny from thyroid hormone control. In fact, the study of thyroid hormone receptor expression during embryogenesis has provided evidence that metamorphosis occurs within the egg and that the ancestral larval phase was shifted before hatching [54] .
Interestingly, the expression of TRa and TRb in this species is quite reminiscent of their expression in biphasic frogs such as Xenopus: TRa is expressed at relatively low levels from early embryogenesis, whereas TRb expression starts inside the egg, when the thyroid gland becomes functional, reaching a maximal level at the very end of embryogenesis [54, 55] . As in Xenopus, TRb gene expression depends on thyroid hormone levels. In accordance with this expression pattern, blocking the secretion of thyroid hormones with goitrogens leads to froglets hatching with a tail, abnormal skin development and larval jaw morphology. In contrast, treatment with exogenous thyroid hormones increases the developmental rate [54, 55] .
It has recently been shown that the neuroendocrine control of thyroid hormone secretion in E. coqui is similar to that in Xenopus tadpoles: it is CRF, and not TRH, that triggers thyroid hormone production [55] . In accordance with this role of CRF, it has been shown that many species of frogs and salamanders alter the timing of hatching in response to conditions affecting mortality of eggs, such as presence of predators, parasites or deleterious environmental factors [56] . In E. coqui, therefore, all data converge on the notion that metamorphosis occurs, but does so inside the egg. Interestingly, thyroid hormones have been co-opted to control the use of nutritional endoderm, the special tissue that stores nutrients in the enormous egg [57] . The direct development exhibited by this tree frog is indicative of evolutionary modifications in the upstream and downstream part of the signalling cascade of thyroid hormones, with the core pathway and TRb autoregulation remaining unchanged.
This life history strategy is not a curiosity limited to some extreme cases: it is found in many salamander species, including the lungless Plethodontids as well as in teleost fish. This may be true, for example, of poeciliid fish, where the eggs hatch within the female, which gives birth to miniature adults (viviparity) [58] . This may also be the case in cartilaginous fish, where development is often quite slow, with large eggs full of nutritional reserves, and in some species it can occur inside the female [59] . Studies using thyroid hormone levels and thyroid hormone receptor expression as markers may provide further insights into these variations on the theme of embryonic life history [5] .
Second Variation: Facultative Paedomorphosis
Another extreme case of a life cycle variation in amphibians is a type of paedomorphosis in which the sexually mature adult of a species has the morphology of the larval stage of its ancestor. This gives rise to species that can reproduce Box 1.
Useful definitions.
Anurans: order of amphibians comprising frogs and toads, characterized mainly by the absence of a tail in the adult. Benthic: from the Greek Benthos, for depths of the sea; applied specifically to the sea (or lake) floor; a benthic fish lives in close relationship with the substrate bottom. Holometabolous insects: a monophyletic group of insects comprising dipteras, lepidopteras, coleopteras and hymenopteras (as well as other smaller orders), the development of which includes a complete metamorphosis with a larva, a pupa and an adult. Neoteny: a paedomorphic event that can occur when development is slowed, giving rise to a sexually mature juvenile. Paedomorphosis: when adults of a species retain characters that are found in the larvae of their ancestors. Pelagic: From the Greek Pelagos, for open sea; a pelagic fish lives in the open water or in the bottom of the sea or lake. Peramorphosis: the reverse of paedomorphosis, where individuals develop beyond the ancestral adult state; this could give rise to delays in maturity during which the development of the adult is extended. Progenesis: a type of paedomorphosis in which growth of a species stops earlier. Urodeles: also known as Caudata, an order of amphibians comprising salamanders and newts characterized mainly by the presence of a tail in the adult.
while still having a larval morphology. All the known examples of this are members of the Urodeles -no anuran species is known to exhibit such an adaptation [52, 60, 61] . The most obvious sign of paedomorphosis is the ability to reproduce while conserving the external gills (thus the term perennibranchiates) and tail fins typical of the larvae.
Two types of paedomorph have been desribed in amphibians: the facultative type exemplified by the axolotl, the larvae and adults of which were considered as different species until 1865 when Dumeril discovered their ontogenetic relationship; and the obligatory type exemplified by the genus Proteus, which is adapted to cave dwelling in the Adriatic alps, or by the mudpuppy Necturus, well known in North America [60, 61] . In facultative paedomorphs, metamorphosis can be observed occasionally in the wild or be induced experimentally in the lab, whereas obligatory paedomorphs never undergo metamorphosis and are often described as refractory to thyroid hormones, treatments with which do not trigger metamorphosis in such species.
The axolotl exemplifies how complex things can be [52, 60] . This critically endangered species is a member of a complex monophyletic group of salamanders that lives in a range from Mexico to southern Canada. Natural populations of Ambystoma are either purely paedomorphic, biphasic like the best-studied amphibians, or polymorphic, with some individuals undergoing metamorphosis and others not ( Figure 5 ). Phylogenetic analysis of ambystomatid salamanders has clearly shown that there were several independent evolutions of paedomorphosis within Ambystoma, suggesting that there was an increased ability to select this life history trait in all species of this genus [62, 63] .
It thus appears as though the ambystomatids evolved a predisposition for such a phenotypic plasticity early on, swinging secondarily to the paedomorphic mode in some species. Interestingly, different species of Ambystoma salamanders can be crossed and the paedomorphosis has thus been amenable to genetic analysis. When axolotls (purely paedomorphic in the wild) are crossed with a biphasic species, all the F1 hybrids metamorphose [64] . If a backcross of these hybrids is carried out with an axolotl, half of the progeny undergo metamorphosis whereas the other half is paedomorphic. This suggests that, strikingly, paedomorphosis in Ambystoma is a recessive character determined by a single major locus. Although the identity of this gene remains unknown, we know it is not linked to the thyroid hormone receptor genes [65] .
It has been suggested that the major cause of axolotl paedomorphosis observed in the laboratory is a low plasma T4 level, linked to low secretion of TSH [66, 67] . In agreement, thyroid hormone or TSH treatment of larvae promotes metamorphosis of the axolotl [9, 68] , while CRF treatment accelerates it [69] . This suggests that a decreased level of neuroendocrine signalling (either TSH or CRF) may have been instrumental in this species' inability to undergo metamorphosis [9, 67, 69] . These data are consistent with our observation that the thyroid hormone receptors of the axolotl are able to bind thyroid hormones and activate gene transcription with a sensitivity and selectivity very similar to those of the Xenopus thyroid hormone receptors [36] .
Recent genomic data have revealed the cascade of genes controlled by thyroid hormones during induced metamorphosis in several tissues of the axolotl [70] [71] [72] . Strikingly, expression of both types of thyroid hormone receptor decreases during metamorphosis [71] , which could be linked to the absence of TRb upregulation we previously observed [36] . This apparent absence of TRb upregulation, instrumental in Xenopus metamorphosis, is striking. Whether this is a difference between Urodeles and Anurans, or whether it is linked to paedomorphosis remains to be determined.
Finally, it is worth mentioning that Page et al. [73] recently compared the transcriptional program deployed during post-embryonic development in the brain and pituitary of the axolotl and a biphasic tiger salamander (Ambystoma tigrinum). Among the genes differentially expressed between the two species are some that regulate the hypothalamicpituitary activities. This may be an argument for the old model according to which a low level of pituitary stimulation is instrumental in the failure to metamorphose in this species [69] . How this can be reconciled with the genetic observation that a major gene is linked to the paedomorphosis phenotype remains unclear.
All experimental analysess of paedomorphosis in ambystomatids have been carried out using the axolotl which, as we have seen above, is only one of numerous convergent cases in this genus (Ambystoma). These data will also have to be integrated with ecological studies in order to better understand the interplay between genetic and environmental factors that contribute to this plastic response in the wild. Studies performed on other polymorphic facultative paedomorphs, such as newts (Triturus [74] ) or other salamanders (Hynobius [75] ; Salamandra [76] ) would be useful to determine if the same mechanisms underly paedomorphosis in the various cases. Facultative paedomorphs allow individuals to cope with habitat variations, take environmental heterogeneity into account and increase their fitness [51, 77] . These cases can now be successfully analysed by integrating genomic, endocrinological, evolutionary and ecological approaches.
Third Variation: Obligate Paedomorphosis
Obligate paedomorphs never undergo metamorphosis and remain in an aquatic habitat throughout their lives. This life-history strategy has been described in distantly related families of Urodeles and in particular in Proteidea, among which are the cave-living species Proteus anguinus and the American mudpuppy Necturus maculosus [60, 61] . The paedomorphosis of these species has been proposed to result from a neotenic change: that is, through the slowing of somatic development relative to gonadal development. In contrast to facultative neotenes, the strategy of obligate paedomorphs cannot be explained by the advantages conferred by phenotypic plasticity: it can result either from the selection acting on metamorphosis itself or, indirectly, from the selection of morphological or physiological features that are beneficial for fitness and are present in the larvae.
We have studied the thyroid hormone signalling pathway in the obligate paedomorphic species N. maculosus [78] . Several old experiments have indeed suggested that Necturus tissues, such as skin and gills, are refractory to thyroid hormones, which even at high doses do not trigger any obvious morphological change. Despite this resistance to thyroid hormones, thyroid hormone receptors are expressed and fully functional in Necturus, their affinities for T3 are indistinguishable from those of the Xenopus receptors, and they are fully able to activate transcription in response to thyroid hormones [78, 79] . In fact, when we treated Necturus with thyroid hormones we observed a change in the transcription level of classic thyroid hormone receptor target genes, such as those for stromelysin 3 or the thyroid hormone receptors.
These results highlight the fact that Necturus tissues are actually not resistant to thyroid hormones. We speculate that the lack of metamorphosis in Necturus might be linked to a loss of thyroid-hormone-dependant control of key genes required for tissue transformation. This would suggest that, in this species, paedomorphosis is an indirect consequence of the selection of individually beneficial traits, such as maintenance of external gills. It is most likely that a period of post-embryonic modelling triggered by thyroid hormones does occur in Necturus. As this period does not lead to spectacular changes in the morphology of the animal, it has not been noticed and not considered as a bona fide metamorphosis, but in fact the thyroid hormone signalling cascade is active in post-embryonic Necturus as in more obviously biphasic species.
Endless Variations.
Between these extreme examples, direct development with very early metamorphosis within the egg and paedomorphic species with delayed or attenuated metamorphosis, there is room for a large number of moderate variations, as are indeed observed in amphibians and teleost fish. These examples of evolutionary tinkering of post-embryonic development are tightly connected to environmental cues. Unfortunately, in most species we know very little about the molecular control of these events. They nevertheless provide examples that can be analysed using the tools and concepts of ecological developmental biology [80] .
Differential timing in the transformation of an organ during metamorphosis can be linked to differences in the sensitivity of the tissue to thyroid hormones. During Xenopus metamorphosis, the tail is protected from early shrinkage by a combination of low receptor expression and changes in the deiodinase type II/type III ratio. In torrent-adapted frogs, such as Ansonia, a larval-type oral disc is maintained much longer during metamorphosis than in pond species and this may be obtained by similar protective mechanisms [8, 81] . This could also explain the adult-type intestine, which is present very early on in the few cases of carnivorous tadpoles, such as Budgett's frog, Lepidobatrachus laevis.
Some species of spadefoot toad, such as Scaphiopus couchii, are adapted to desert life in which ephemeral ponds select for rapid development and early metamorphosis, compared to related species living in longer lasting ponds, such as Spea multiplicata. The desert Scaphiophus have higher thyroid hormone levels and a faster response to thyroid hormones and thus can undergo metamorphosis very early on [82] . Interestingly, it has been shown that these changes affect not only the life history transition (the metamorphosis rate) but also the adult morphology [83] . In these species, an intrinsic plasticity in the speed of metamorphosis has therefore been transformed into fixed adaptive morphological differences between species by genetic assimilation [83] . This illustrates how phenotypic plasticity can be transferred into species differences thanks to the flexibility of metamorphosis control.
Similar examples, probably as frequent in amphibians as in fishes, have been overlooked because they can be difficult to recognize in the field; however, we now have the conceptual and technological tools to study them. One of these examples is smoltification in salmonids, a transition period during which freshwater parrs are transformed into saltwater smolts [84] . Increased thyroid activity has been observed during smoltification, coupled with active TSH production [85] . It is tempting to link this period of high sensitivity to thyroid hormones with the fact that, beside seawater adaptation, smoltification involves a series of changes that can be viewed as a remodelling of the organism. Interestingly, during smoltification there is a switch in the types of haemoglobin present in the fish and goitrogens have been shown to reduce the switch to adult haemoglobin in Coho salmon [86] . This interpretation of smoltification as a potential metamorphosis could be tested by studying the effect of thyroid hormones in triggering the parr-smolt transformation, the capacity of goitrogens to block it, as well as the expression of the thyroid hormone receptors during this process.
In addition to being useful to study post-embryonic transitions, thyroid hormone signalling can be used to better delineate the homology between developmental stages. This is exemplified by Anguilliformes eels, which are described as having two successive metamorphoses: the transformation of the leptocephale marine larvae into a glass eel that will grow for a number of years in freshwater, and then the silvering that will give rise to a fully mature eel which will start its downstream migration toward the ocean [87] . The existence of these two metamorphoses long puzzled ichthyologists until it was realized that, if the first is indeed a classic metamorphosis triggered by thyroid hormones, the second is a kind of puberty accompanied by morphological changes and triggered by steroid hormones [87, 88] . Thus we can use post-embryonic thyroid hormone signalling -a period of remodelling with high levels of thyroid hormones and thyroid hormone receptors -as a tool to identify well-separated larval and juvenile periods in vertebrates.
Origin of the Theme: Metamorphosis in Invertebrate Chordates We have seen above that different groups of vertebrates, in particular actinopterygian fishes and amphibians, use the same hormonal system with very similar regulatory cues to trigger a major reorganization of the body. This suggests that thyroid hormones have an ancestral function in orchestrating post-embryonic development in all chordates.
The first data on the origins of vertebrate metamorphosis came from lampreys [89] . In these species, the larva, known as an ammocoete, is a filter-feeding organism that, after several years of larval life, can be transformed into an adult. This metamorphosis involves a significant reorganization of the body, including of the thyroid gland itself. Several reseachers observed that treatment with thyroid hormones failed to trigger metamorphosis: strikingly, the titre of thyroid hormones was found actually to decrease during lamprey metamorphosis and, in sharp contrast to amphibians or actinopterygians, goitrogens trigger metamorphosis in the lamprey [89, 90] . Thus, metamorphosis is controlled by the same endocrine system, but it seems to work in an opposite fashion! There is still no molecular explanation of how this can work in mechanistic terms. It has been shown that the lamprey thyroid hormone receptors are transcriptional activators when tested in mammalian cells and it thus remains mysterious how, if this activation also occurs in lamprey tissues, it is translated into a blockade of metamorphosis [91] .
The data on lampreys nevertheless suggest an ancient association between thyroid hormones and metamorphosis, and this has prompted a study of invertebrate chordates. In both Urochordates (mostly ascidians such as Ciona or Halocynthia) and Cephalochordates (amphioxus), thyroid hormones have been shown to accelerate metamorphosis [91, 92] . If the situation remains unclear in Urochordatesfrom which a unique thyroid hormone receptor gene has been cloned but the protein does not bind thyroid hormones and its role in metamorphosis has not been studied [93] -it is much clearer in Cephalochordates. We have shown that amphioxus has a single thyroid hormone receptor that does not bind T4 or T3 but does recognize their deaminated derivatives [91, 94] . Furthermore, metamorphosis in amphioxus is blocked by several goitrogens and by a thyroid hormone receptor antagonist. Thyroid hormone receptor gene expression in amphioxus is upregulated during metamorphosis and in response to thyroid hormone treatment; indeed, the amphioxus thyroid hormone receptor gene has, in its regulatory region, a classic thyroid hormone response element that binds TR-RXR heterodimers. Thus, the identity of the active ligand apart, induction of metamorphosis in amphioxus appears very similar to that in amphibians or actinopterygians.
From these data and given the basal position of the Cephalochordates in the chordate phylogenetic tree, the most parsimonious scenario invokes a unique origin of a thyroid hormone-regulated post-embryonic period in Chordates. This allows us to propose a new, molecular definition of 'metamorphosis', according to which it is viewed as a post-embryonic remodelling period that is controlled by thyroid hormones and their receptors, and that is shared by most, if not all, chordates and that was present in the ancestral chordate ( Figure 6 ) [5, 91] . The alternative would be that the spectacular metamorphosis observed in many amphibians and teleost fishes evolved secondarily and convergently; however, that basal chordates undergo a spectacular metamorphosis, and the existence of shared features between the molecular cascades controlling metamorphosis in amphioxus, teleost fishes and amphibians, argue for metamorphosis being an ancestral feature of chordates.
The role of thyroid hormones in post-embryonic development might be even more ancient. Several reports suggest that thyroid hormones accelerate metamorphosis in sea urchins [5, [95] [96] [97] , the thyroid hormone receptors of which do not bind classic thyroid hormones (our unpublished results). In addition, thyroid hormone receptor genes have been found in lophotrochozoans -in annelids, molluscs and flatworms (Figures 2 and 6 ) -which have complex life cycles, including periods of intense post-embryonic remodelling that are often called metamorphosis. It is thus perfectly possible that this system evolved in bilaterians and is common to most phyla. Of note, the thyroid hormone receptor gene was lost in ecdysozoans (such as arthropods and nematodes) that use ecdysone and its receptor (a nuclear receptor not directly related to thyroid hormone receptor) to orchestrate their metamorphosis [98] . In the coming years, we might hope for interesting surprises to come from the molecular study of lophotrochozoan metamorphosis and the likely implications of thyroid hormone signalling in their post-embryonic development.
The notion that thyroid hormones have an ancient role in this 'metamorphosis' has a very interesting implication: that chordates, and perhaps even deuterostomes, have a period of post-embryonic remodelling in common that is triggered by thyroid hormones [5] . This allows us to consider in a more unified way the post-embryonic development of many vertebrates. According to this view, vertebrate groups that are not considered to go through classic metamorphosis (such as mammals, sauropsids, cartilaginous fishes) would either be paedomorphs, direct developers or undergo biphasic development with a cryptic metamorphosis. Interestingly, most, if not all, of these organisms require thyroid hormones for their post-embryonic development as well as for many other functions in the adult. Studies of thyroid hormone receptor knock-out mice have led to the suggestion that weaning is a period of remodelling governed by thyroid hormones [99, 100] . Strikingly, during weaning, an important remodelling of the intestine occurs in which thyroid hormones plays a major role. A parallel has been drawn between the intestine remodelling occurring in mice and the intestine remodelling occurring during Xenopus metamorphosis and common principles are emerging from the comparison [101] . In humans, a high level of thyroid hormones associated with birth and postnatal effects of thyroid hormones on central nervous system development are well-documented [102] . Similarly, in birds, levels of thyroid hormones increase during the hatching period [103] .
Together, these observations point to an important role for thyroid hormones in orchestrating post-embryonic remodelling in most chordates, even if we still have too little data to draw firm conclusions for some groups (such as birds or sauropsids). For ecological reasons, in some species this remodelling becomes spectacular: this is the traditional metamorphosis as studied in frogs and flat fishes. In some other species it is less obvious, but the same molecular cascade still acts in those animals: TSH activation of a surge of thyroid hormones, with consequent induction of thyroid hormone receptor expression and activation of a downstream gene regulatory network. The upstream part (control of TSH levels) and the downstream part (the gene network controlled by thyroid hormone receptor) appears less conserved and allows for variations that give rise to the spectacular diversity of post-embryonic life histories observed in chordates [5] . This diversity is still poorly studied in some phyla such as mammals which exhibit considerable variation in the lengths of gestation and lactation. It is certainly possible, given the framework we propose above, that variation in thyroid hormone signalling plays an important role in this diversity, which can be viewed as a change in the timing and magnitude of this attenuated form of metamorphosis. Variations in this period are extensive in vertebrates and provide alternative life history strategies that are as yet poorly investigated.
Conclusions
The general model we are proposing at the end of our journey across metamorphosis is interesting in that it provides a general framework that can be experimentally challenged. This may rejuvenate research on post-embryonic development of vertebrates, a relatively neglected period of development. The current interest in the evolution of development has been mostly focused on embryonic development, but we believe that post-embryonic development is also very important to consider for those who want to explain the origins of species diversity. Indeed, as we have seen above, this period is fully open to variations, controlled by the environment as well as by genetic cascades. It is likely that future work, linking both ultimate and proximate causes in the analysis of the central role played by thyroid hormones, will shed new light on the mechanisms controlling metamorphosis and its evolution.
